We aimed to develop a model for studying membrane leakiness. A microdialysis technique was used to investigate rubidium-86 ( 86 Rb) uptake in suspended human erythrocytes in vitro, with the aim of later applying the technique to in vivo studies. Suspensions were prepared from washed erythrocytes and 86 Rb administered directly or via the microdialysis probe. The effects on 86 Rb uptake of varying the haematocrit were measured. Erythrocytes were also treated with the K + ionophore valinomycin or the Na + / K + -ATPase inhibitor ouabain. The effects on 86 Rb uptake, microdialysate content of lactate and pyruvate, and erythrocyte content of 2,3-bisphosphoglycerate (2,3-BPG) were measured. Valinomycin dissipates the potassium gradient and activates Na + /K + -ATPase, demonstrated by decreased erythrocyte 86 Rb uptake with increasing concentrations of valinomycin. This increased ion pump activity enhanced glycolysis, which was demonstrated by accumulation of pyruvate and lactate due to enhanced consumption of 2,3-BPG. The microdialysis technique is appropriate for in vitro studies of ion fluxes across cellular membranes.
Introduction
One of the fundamental requirements for life is the ability of the cell to maintain ion gradients across the plasma membrane. Such gradients are generated by specific membrane-bound ion pumps (ATPases); these antagonize the passive ion diffusion that occurs when there is an ion gradient. The cholesterol/phospholipid ratio and the degree of saturation of the phospholipid fatty acids in the cell membrane are important factors in membrane stability and determine the degree of non-specific membrane permeability. 1, 2 Other operative principles may also be occurring, including ion channels that can be opened or closed according to the specific needs of the cell. In addition, ionophores may be present in the plasma membrane, which permit specific ions to pass along their gradient. Regardless of the underlying mechanism, passive ion leak is always compensated for by active ion pumping, which in turn is coupled to cellular energy metabolism, unless the ion leakage surpasses the maximal capacity of J Ljungberg, A Waldenström, G Ronquist Microdialysis monitoring of rubidium-86 uptake in erythrocytes the ion pump or its fuel supply.
Increased ion leakage across the cellular membrane may be an important pathophysiological mechanism in certain diseases, including pseudohyperkalaemia, 3 Tarui's disease, 4, 5 Alzheimer's disease 6 and syndrome X. 7 Such enhanced leakage provokes the relevant ion pumps to restore the ion gradient. In this study a microdialysis technique was used to study rubidium-86 ( 86 Rb) uptake in suspended erythrocytes with the ultimate aim of developing an in vivo model for analysing membrane leakiness.
Materials and methods

PREPARATION OF ERYTHROCYTES
Cubital venous blood was collected from a healthy donor in 10 ml tubes containing 143 IU of sodium heparin. The blood was centrifuged at 1300 g for 15 min and the plasma removed. Erythrocytes were washed once with physiological saline and separated by centrifugation at 1300 g for 15 min, followed by a second washing with Krebs-Ringer solution (Krebs-Ringer-glucose). They were then washed a third time with 5 mmol/l glucose in Krebs-Ringer solution. The buffy coat was carefully removed by aspiration after each washing. Erythrocytes were then used in four series of experiments at 37 ºC, three of which involved microdialysis.
Ethical approval for the study was not required as only blood samples were taken from one volunteer, with their consent.
EFFECT OF VALINOMYCIN CONCENTRATION ON 86 Rb UPTAKE
The first series of experiments involved 86 Rb uptake studies in an 80% erythrocyte suspension in 1440 µl of Krebs-Ringer-glucose together with valinomycin, a K + ionophore, at concentrations of 2.0, 12.5 and 20 µg/l dissolved in dimethyl sulphoxide (DMSO). The control contained an equal amount of DMSO but no valinomycin in Krebs-Ringer-glucose. The experiment was started by adding 12.5 µl of 86 Rb to the erythrocyte suspension. Microdialysis commenced immediately after mixing, and samples were taken at 15 min intervals for 6 h. The radioactivity in the first sample, representing the first 15 min, was used as a reference value for all subsequent measurements.
EFFECT OF HAEMATOCRIT ON 86 Rb UPTAKE
Uptake of 86 Rb in erythrocyte suspensions with different haematocrit values was studied. Erythrocyte suspensions with haematocrit values of 79%, 55% and 28% were prepared in 1440 µl of Krebs-Ringer-glucose together with 12.5 µl of DMSO for comparison with the first series of experiments. After a pre-incubation period of 120 min, 86 Rb was continuously administered via the microdialysis probe during the experiment. Microdialysis samples were taken at 15-min intervals for 5 h. An efflux ratio was determined from the amounts of radioactivity in the efferent and afferent lines for each sample.
EFFECT OF VALINOMYCIN AND OUABAIN ON ENERGY METABOLISM
The effects of valinomycin, a K + ionophore, and ouabain, which inhibits Na + /K + -ATPase, on erythrocyte energy metabolism were studied over time after 120 min of pre-incubation (equilibration time). These studies were carried out in an 80% erythrocyte suspension in 1440 µl Krebs-Ringer-glucose with 2.0 µg/l valinomycin (in DMSO) or 0.5 mmol/l ouabain (in saline). The control contained equal amounts of DMSO and saline. Microdialysis samples were taken at 15-min intervals intervals for 5 h and analysed for pyruvate and lactate.
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The concentration of 2,3-bisphosphoglycerate (2,3-BPG) in erythrocytes was followed over time. Erythrocyte suspensions in Krebs-Ringerglucose were divided in three groups: the first group were controls, the second group contained 20 µg/l valinomycin dissolved in DMSO, and the third group contained 0.5 mmol/l ouabain dissolved in saline. Each group was further subdivided into five sets and incubated for different times: 0 min, 90 min, 180 min, 270 min and 360 min. The reaction was terminated by adding cold 0.75 mol/l perchloric acid and the tubes were put on ice. They were then centrifuged for 5 min at 2000 g, and 175 µl of the supernatant removed and mixed with 200 µl of N,N-dioctylmethylamine (DOMA) in chloroform (from a stock solution of 326 ml of DOMA in 1000 ml of chloroform). After mixing, the tubes were centrifuged for 5 min at 2000 g. The neutralized supernatants containing 2,3-DPG were kept at -20 ºC until analysed.
MICRODIALYSIS
The microdialysis probe (CMA/10, CMA AB, Stockholm, Sweden) consisted of a doublebarrelled steel needle with an outer diameter of 0.5 mm and a 4 mm long apical semipermeable membrane. The fluid was pumped through the probe from the afferent barrel, passing the dialysis membrane at the apex, then via the efferent barrel to the sampling tubes. The microdialysis probes were perfused with Krebs-Ringer-glucose at a rate of 1.0 µl/ min using a pump (CMA/120, CMA AB). Microdialysis samples were collected in a microfraction collector (CMA/102, CMA AB).
ANALYSIS OF SAMPLES
All microdialysis samples were kept at 0 -4 ºC until analysis within 48 h.
The radioactivity from the 86 Rb was assessed using a gamma counter (LKB, Solna, Sweden). The total measurement time in the gamma counter for each sample was 10 min, and radioactivity was expressed in counts per minute (cpm).
Lactate and pyruvate were separated on a 250 × 4.6 mm Brownlee Polypore H column (pore size 10 µm; Perkin-Elmer, Wellesley, MA, USA). Sulphuric acid (2.4 mmol/l) was used as the eluant, and the eluate was read at 214 nm on a BAS ultraviolet detector (Dionex UVD170S; Dionex GmbH, Germering, Germany) with a flow rate of 0.4 ml/min. 8 The erythrocyte volume fraction (EVF), or haematocrit, of each sample was estimated after the experiments using a standard method involving centrifugation of the blood suspension in a glass capillary for 3 min.
Concentrations of 2,3-BPG were assessed by an enzymatic method, using a kit from Boehringer Mannheim (Mannheim, Germany).
CHEMICALS
All chemicals used were of analytical grade. Valinomycin and ouabain were obtained from Sigma (St. Louis, MO, USA). DMSO, DOMA and chloroform were obtained from Fluka Chemie AG (Buchs, Switzerland), and 86 Rb was obtained from Amersham Pharmacia Biotech (Uppsala, Sweden).
Results
EFFECT OF VALINOMYCIN CONCENTRATION ON 86 Rb UPTAKE
There was an initial rapid decrease in the amount of extracellular 86 Rb relative to the reference value, followed by a steady-state phase after about 3 h. The concentration of 86 Rb in the extracellular fluid was influenced by valinomycin in a dose-dependent fashion, with lower 86 Rb uptake into the erythrocytes at higher valinomycin concentrations (Fig. 1 ). 
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EFFECT OF HAEMATOCRIT ON 86 Rb UPTAKE
Rapid equilibration of 86 Rb levels to a steadystate efflux ratio was noted for the two higher EVFs (0.9 and 0.55); an EVF of 0.28 resulted in a retarded equilibration time of about 3 h (Fig. 2) .
EFFECT OF VALINOMYCIN AND OUABAIN ON ENERGY METABOLISM
The microdialysate lactate content increased slowly in all three groups and levelled off at about 3 h. The lactate content in the control group levelled off at a slightly lower concentration compared with the valinomycinand ouabain-treated groups (Fig. 3A) .
The pyruvate content in the control group showed a slow initial increase followed by a sharp rise. Valinomycin treated erythrocytes displayed an accentuation of this curved profile, whereas ouabain-treated erythrocytes had a profile similar to the control group (Fig. 3A) .
Pyruvate/lactate ratios were calculated over time for the three experimental conditions (Fig. 3B) . Two phases were observed: an early phase characterized by a slow rise and no intergroup differences, and a late phase characterized by a more rapid rise that was most pronounced in the valinomycin group and less so for the ouabain group.
The deflection points (when the curve starts to rise) were dispersed over time. Valinomycin induced a decrease in EVF of 8%, while the ouabain and control groups showed no change in EVF over time (data not shown).
EFFECT OF VALINOMYCIN AND OUABAIN ON 2,3-BISPHOSPHO-GLYCERATE
The relative changes in 2,3-BPG concentrations over time under different conditions again showed two phases, with no intergroup differences. The first phase, which comprised the first 90 min, was characterized J Ljungberg, A Waldenström, G Ronquist Microdialysis monitoring of rubidium-86 uptake in erythrocytes by small changes, while the second phase, starting at about 90 min, showed a sharp decrease in 2,3-BPG over time (Fig. 4 ).
Discussion
The disappearance rate of 86 Rb from the extracellular medium was rather high. This was probably due to the relatively high haematocrit value, about 80%, allowing elevated intracellular trapping of 86 Rb. The 86 Rb was retained in the intracellular space throughout the experiment, indicating preserved cellular function.
Valinomycin produces increased leakage of K + out of erythrocytes; this to some extent can be counteracted by augmented ion pumping. In the experimental conditions used, however, there was a restricted number of Na + / K + -ATPase molecules in the erythrocyte membrane in relation to the valinomycin challenge, and a net valinomycin effect could be noted with augmented exodus of K + . This led to cell dehydration (xerocytosis), which was recorded as a decrease in the EVF of 8%. The valinomycin effect was not apparent immediately, but developed after about 45 min, probably reflecting the time required to integrate the valinomycin molecules into the erythrocyte membrane.
Our results unambiguously demonstrated that microdialysis is an appropriate technique for continuously monitoring 86 Rb uptake in erythrocytes suspended in Krebs-Ringer-glucose. Enhanced glycolytic flux, expressed as an increased pyruvate/lactate ratio, occurred after about 4 h, confirming the presence of a coupling mechanism between increased ion pump activity and energy metabolism as demonstrated by previous investigations. 9, 10 The augmented pyruvate/lactate ratio was the result of a disproportionate increase in pyruvate in the latter part of the experiment. This was most probably due to a shift in the substrate for energy metabolism from glucose to 2,3-BPG. 2,3-BPG occurs at an unusually high concentration in human erythrocytes, and is an appropriate substrate in an energy crisis since it does not require initial ATP expenditure. Enhanced consumption of 2,3-BPG with less oxidation of 3-phosphoglyceraldehyde to 1,3-bisphosphoglycerate results in a gain in the redox potential in favour of oxidized nicotinamide-adenine dinucleotide (NAD+) since this coenzyme is involved to a lesser extent. This in turn leads to the accumulation of pyruvate rather than lactate, since there was no need for the reoxidation of reduced nicotinamide-adenine dinucleotide to NAD+ by the conversion of pyruvate to lactate. This might explain the sharp increase in pyruvate seen during incubation in the presence of valinomycin in the present study.
Conclusion
Using microdialysis, we were able to demonstrate that less 86 Rb was retained by the erythrocytes with increasing concentrations of the K + ionophore valinomycin. Valinomycin dissipated the potassium gradient, thus activating Na + /K + -ATPase. This increased ion pump activity resulted in enhanced glycolysis, which was demonstrated by the accumulation of pyruvate and lactate due to enhanced consumption of 2,3-BPG. The microdialysis technique seems to be appropriate for studies of in vitro ion fluxes across cellular membranes. Its use in in vivo studies should be investigated.
